This paper describes the construction of 18 cloned bacteriophage T7 late promoters with single point mutations. In vitro transcription experiments were used to characterize the properties of these promoters. Since the mutated promoters are cloned into identical backgrounds, differences seen in the transcription assays are directly attributable to the point mutations.
INTRODUCTION
The viral encoded RNA polymerases of T7-1ike bacteriophages show a high degree of template specificity because they initiate transcription only at the late promoters, which are found on the phage DNA but are absent on the host DNA (1). The 17 late promoters of T7 are considerably different from bacterial promoters, in that they consist of a single uninterrupted sequence that is 23 base pairs long (2, 3). There are two classes of late promoters. The class II late promoters are responsible for the transcription of the middle genes, and the class III late promoters are responsible for the expression of the late genes. The late promoter sequence Is highly conserved. In class III promoters the 23 basepair region from -17 to +6 is absolutely conserved (4). The class II promoters tend to show some deviations, averaging 4 non-consensus base pairs each. This paper describes the construction and characterization by jji vitro transcription assays of 18 cloned T7 late promoters that each contain a single point mutation in the 11 bp region from -9 to +2 region. This 11 bp region is highly conserved In the naturally occurring T7 late promoters, and also In the related phages T3 and SP6. In the region from -10 to -3, there is only one example of a T7 promoter with a deviation from the consensus sequence. This is a change in the class II promoter at 16.0%. This promoter has a G, instead of a C, at position -5. It was shown by Panayatatos and Wells that this promoter was less active than nearby class II promoters when tested in an i_n vitro transcription system using a linearized template (5).
The point mutations were made using deoxyoligonucleotide mediated site-directed mutagenesis methods (6) . A piggyback mutagenesis procedure, which is described in the materials and methods section, made possible a biological screen for mutations in the late promoter. This screening procedure was independent of promoter function and thus facilitated the isolation of mutations without regard for their effect on promoter activity.
In the class II late promoters there are some examples of deviations from the consensus sequence which occur in the 11 bp region. As mentioned above, the 16.0% promoter has a C to G change at -5 (5). Other naturally occurring deviations in the 11 bp region of interest are found from -2 to +2. The substitution of an A for the T at -2 is fairly common, it occurs in 4 class II promoters. However, all of these promoters also contain additional deviations from the consensus. While these changes are interesting, it is better to study such a deviation from the consensus sequence in a cloned promoter where the change being studied is the only difference from the consensus. In this type of system the effects on the promoter activity can be definitely correlated to the specific change that has been made.
MATERIALS AND METHODS Enzvmes. Strains, and Media
The restriction enzymes Eco RI, Bam HI, Hinf I and Hind III and also T4 DNA ligase were purchased from Promega Biotec. Polynucleotide kinase and Sph I were purchased from New England Biolabs. Klenow fragment of L coli DNA polymerase was purchased from Boehringer Mannheim. Enzyme reactions were done using the conditions recommended by the manufacturers. T7 RNA polymerase was purified from an overproducing L coli strain containing the plasmid pAR1219 (7). Cells were grown, induced, lysed, and a cleared lysate prepared as described by Studier (7). The lysate was then diluted with an equal volume of buffer with 50 mM NH4CI and loaded onto a DE52 column. The polymerase was eluted with a 50 to 500 mM NH4CI gradient. Fractions containing the peak of activity were pooled, diluted with 2 volumes of buffer without salt and the DE52 chromatography was repeated. The second The principle strains of L coli used were: 7118, for the growth of M13 (9), and C600 galK",recA', which is used in conjunction with the plasmid pKOl (10). The vectors for the mutagenesis and recloning were respectively the single stranded DNA phage M13 mp8 (11), and the plasmid pKOl (12). The standard plate media was LB (13), with ampicillin added to a concentration of 0.1 mg/ml. Colored plaque assays used plates containing IPTG and X-gal (14) .
Synthetic Oliaonucleotides
The synthetic oligonucleotides that were used for in vitro mutagenesis procedures are shown in table 1. All oligonucleotides were synthesized using the solid support phosphoramidite procedure, most using an Applied Biosystems automated DNA synthesizer in the UW Biotechnology Center (15).
For the ifl vitro mutagenesis procedure to work the oligonucleotide must have a 5' phosphate. Kinase reactions were done using about 20 umol. of each oligonucleotide. Most of the ATP in the reactions was non-radioactive, however, a small amount of gamma 3^P -ATP was added to monitor the efficiency of the phosphorylation. The 5' phosphorylated oligonucleotides were purified by gel electrophoresis. In each case the top band was excised from the gel and the oligonucleotide was recovered by the crush and soak method (16).
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figure 1
A. The plasmids pRW351 and pRW380 were described previously (8). The class II late promoter In pRW351 has an Eco RI site at -25. pRW380 has a class III promoter with a Bam HI site at +12.
B.
The Hinf I site, located at -10, was used to construct a 37 bp fragment containing the left part of the 14.8% class II promoter and the right part of the 46.0% class III late promoter.
C.
The 37 bp fragment was cloned Into pBR322 to make pRW381.
The oligonucleotides were concentrated and desalted using SepPak C18 late promoters. When the 37bp fragment was cloned into M13 mp8 it became a part of the N-terminal portion of the still active lac V gene. Expression of the lac V gene is easily monitored on a plate containing IPTG and X-gal. Mutations in the late promoter sequence could be screened for if they also affected the expression of lac Z' gene. A piggyback mutagenesis procedure was used to obtain most of the promoters with point mutations. The oligonucleotide was designed to produce two point mutations, ione that could be detected easily, and a second that was silent but closely linked with the first. Since the selectable mutation involved the reversion of a previously obtained promoter mutation, the silent point mutation ended up being the only change from the wildtype.
The clone of the wildtype promoter in pKOl is designated pKCT7P. The system used to identify point mutants is as follows: -2TA represents a point mutation at position -2 relative to the transcription initiation site. The wildtype promoter has a T in the antisense strand at this position, -2TA is the replacement of this T by an A. Similarily -4TG would indicate a mutant with the T at -4 being replaced by a G.
Successful application of this mutagenesis scheme requires obtaining the -2TA mutation. This mutant produces a white plaque. However, spontaneous A. mutations of the lac promoter or lac V gene can also produce a white plaque. Oligonucleotides 1C and ID were used to make the -2TA mutation. Together they produce the 37 bp Eco Rl -Bam HI fragment with a mixture of nonwildtype basepairs at -2. This 37bp fragment was cloned into M13 mp8, yielding white and blue plaques at a ratio of 4:5. Two white plaques were sequenced, both had the -2TA point mutation. Of 13 blue plaques sequenced, all were -2TC. Single stranded ONA from M13-KCT7PM -2TA was used as the template for the piggyback mutagenesis procedure. Picking out blue plaques from a background of white plaques gives fewer artifacts because a functional lac V gene 1s required to get a blue plaque. Red onino the Mutated Promoters into the Plasmid DKOI The wildtype and mutated promoters were excised from the M13 vector on a 57 bp Eco Rl -Hind III fragment and cloned into pKOl. pKOl carries a gene for resistance to ampicilUn and has an unexpressed, promoterless, figure 3A) . The DNA sequences of the recloned promoters were confirmed by either the Maxam-Gilbert or dideoxy sequencing methodologies (16, 19). Transcription Reactions Table 2 . Many reactions were done using the buffer described in table 2 with no additional salt, these are refered to as low salt conditions. The incorporation of 3 H-UMP into RNA was assayed by taking 40ul aliquots at various timepoints and spotting Whatman 3MM filters then washing the filters with trichloroacetic acid (21). The filters were counted in a liquid scintillation counter using a toluene based fluor. 
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Figure 4
Hypothetical mechanism for the appearance of the unexpected but frequent G to A mutation at +12.
RESULTS
Point Mutants Obtained
Of the 33 possible single point substitutions that can occur in the 11 bp region, 18 were obtained. They are: -9CT, -8TG, -8TC, -8TA, -7CT, -7CA, -7CG, -6AT, -5CT, -4TG, -4TC, -4TA, -3AT, -3AC, -3AG, -2TA, -2TC and +1GT. In addition the promoter from 16.0% of the T7 genome, that contains a G instead of a C at -5, was cloned into pKOl in a manner similar to that used for the mutated promoters (see figure 3b) . A Hutaaenesis Artifact 6 of the 18 point mutants proved to contain an unexpected additional mutation outside the promoter sequence. The mutants -4TG, -4TC, -7CT, -7CG, -8TG and -9CT all have an A rather than a G at +12. This mutation probably has no effect on promoter function because: a) it is outside the conserved region of T7 late promoters, b) it does not affect the length of the transcript, c) there is no correlation between the presence of +12GA and the hierarchies of base preference observed, and d) it is outside the protected region when the promoter is tested in a footprint assay (22, 23, 24). A hypothetical mechanism for the appearance of the +12GA mutation is shown in figure 4 . This mechanism requires the hybridization of 2 oligonucleotides to the template and the removal of the excess portion of the second oligonucleotide by the 3' exonuclease activity of Klenow fragment. T4 DNA ligase could then join the two oligonucleotides. Circumstantial evidence favors this hypothetical mechanism. The oligonucleotides used to make these mutants all have the same 5' end. Oligonucleotides used in other mutagenesis reactions have different 5' ends or would not form such a structure. These did not produce the +12GA mutation.
It is a good practice to check the sequence of the template for sites Reactions were run at 37°C using the standard buffer with no additional salt.
where the mutagenic oligonucleotide could hybridize and produce undesired mutations. A typical computerized search often ignores sites that have only a short segment homologous to the oligonucleotide because these sites are too numerous. However, the frequent occurrence of the unexpected +12GA mutation suggests that hybridization of an oligonucleotide can require only a short segment of homologous sequence if the secondary binding site is adjacent to the primary one. The sequences flanking the primary binding site should be carefully examined.
Transcription Assays
In vitro transcription assays were used to test the plasmids that contained the wildtype or mutated late promoters for the ability to function as templates for T7 RNA polymerase. None of the mutated promoters were more active than the wildtype promoter under any of the conditions tested. Determining hierarchies of base preference is a more difficult task for the type A mutations because they are nearly as active as the wildtype promoter when supercoiled templates and low salt conditions are used. This problem was approached by altering conditions of the transcription assays.
DNA Dependence Assays
The activities observed with the wildtype or mutated promoters are dependent on the concentration of template DNA. DNA dependence experiments using supercoiled and linearized templates were run over a range of 5 Promoters with lower ratios are more drastically affected by linearization. Salt Dependence Experiments Figure 6 shows the effects of added salt on the in vitro transcription activities of the wildtype and -4TA promoters. The addition of either NaCl or monosodium glutamate (NaGlu) reduces the activity of both promoters. For the wildtype promoter the effects of added NaCl and NaGlu are similar up to 140 mH, at higher concentrations NaGlu may be less inhibiting than NaCl. The NaCl dependence for -4TA drops more steeply than for the wildtype. Under low salt conditions -4TA is about 80% as active as wildtype, but at 60 mM NaCl, -4TA is about 40% as active as wildtype. The NaGlu dependence curve for -4TA does not drop as steeply as the NaCl curve. At lower concentrations of NaGlu the salt dependence of -4TA is similar to wildtype, however at higher concentrations NaGlu affect -4TA more than wildtype. Table 4 shows the effects of added salt on the activities of the mutated promoters. All of the activities are given as a percent of the activity of the wildtype promoter under low salt conditions. The wildtype promoter activity drops to about 60% of the standard activity when 60mM NaCl is added. The effect of added salt on the activity of a given promoter is expressed as a ratio found in the righthand columns. Most of the mutated promoters are inhibited more than the wildtype by the addition of 60mM NaCl, and thus have lower ratios in the righthand columns. Type B mutants are more sensitive to added salt than the type A mutants. The effect of adding 120mM NaGlu is about the same as adding 60mM NaCl.
The addition of either 60mM NaCl or 120 mM NaGlu allows one to see hierarchies of base preference at some of the type A sites. The differences between one mutant and the next are very slight, but the order of base preference generally agrees with the results obtained with linearized templates. At -3 the wildtype A is the best, and C is marginally better than T which may be better than G. At -4; T > G > A,C. At -2 an A appears to be slightly better than C. Hierarchies at type B positions are unchanged. 
Glvcerol Effects on Type II Mutated Promoters
It has been previously shown that the addition of glycerol could enhance the relative activity of promoters with deletion mutations (8). This was due to both an increase in the activity of the mutated promoter and a decrease of the wildtype activity. Table 5 shows the effect of increased glycerol concentration on the relative activities of type B mutants. The effect of the added glycerol is expressed as the ratio: activity at 12.6% glycerol / activity at 2.6 % glycerol. The activity of the wiidtype promoter decreases with added glycerol, but the activities of the type II mutants stay the same or increase slightly. This is consistant with earlier observations. The glycerol experiment was run at higher DNA and RNA polymerase concentrations than the supercoiling and salt dependence experiments, so the activities of the type B promoters at 2.6% glycerol are higher than under the standard conditions given in table 3 or 4.
DISCUSSION
Transcription Experiments
The extreme specificity of the RNA polymerases from T7 and related bacteriophages insures that transcription will initiate only at a T7 late promoter, or a site that is very similar to a late promoter. This makes it possible to obtain meaningful results using the simple in vitro transcription assay described in this paper. One must keep in mind that the assay is for the rate of transcription, not initiation. But since the relationship between the rates of transcription and initiation is caused by the sequence Table 5 GLYCEROL EFFECTS ON THE 2) A comparison of the late promoters from T7, T3 and SP6 shows some species-dependent differences and also some regions of identity. The differences tend to be to the left of -7. The region between -7 and +2 tends to be highly conserved. This could be caused by different rates of evolution in the two different domains or parts of the promoter. The initiation domain is highly conserved between the phage species, whereas the differences largely occur in the binding domain. Stahl and Chamberlin showed there are contacts between the polymerase and promoters in the minor groove, but they do not rule out the possibility of major groove contacts, except at the 5 position of purines (37) .
